Cognitive deficits induced by multi-walled carbon nanotubes via the autophagic pathway.Toxicology http://dx.doi.org/10.1016/j.tox. 2015.08.011 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. MWCNTs on hippocampal synaptic plasticity and spatial cognition in rats. Then, we used an inhibitor of autophagy called chloroquine (CQ) to examine whether autophagy plays an important role in hippocampal synaptic plasticity, since this was damaged by MWCNTs. In this study, adult male Wister rats were randomly divided into three groups: a control group, a group treated with MWCNTs (2.5mg/kg/day) and a group treated with MWCNTs+CQ (20mg/kg/day). After two-weeks of intraperitoneal (i.p.) injections, rats were subjected to the Morris water maze (MWM) test, and the long-term potentiation (LTP) and other biochemical parameters were determined. Results showed that MWCNTs could induce cognitive deficits, histopathological alteration and changes of autophagy level (increased the ratio of LC3 II /LC3 I and the expression of Beclin-1). Furthermore, we found that CQ could suppress MWCNTs-induced autophagic flux and partly rescue the synapse deficits, which occurred with the down-regulation of NR2B (a subunit of NMDA receptor) and 3 synaptophysin (SYP) in the hippocampus. Our results suggest that MWCNTs could induce cognitive deficits in vivo via the increased autophagic levels, and provide a potential strategy to avoid the adverse effects of MWCNTs.
Introduction
Nanomaterials have shown increasing usage worldwide since their emergence a few decades ago. Carbon nanotubes (CNTs) are one of the best known nanomaterials due to their unique chemical and physical characteristics (Nakashima and Fujigaya, 2007; Wang et al., 2007) . CNTs have shown increasing promise in the field of biomedicine in recent years. CNTs, especially multi-walled carbon nanotubes (MWCNTs), have many applications in medical neuroscience, including as drug carriers (Bianco et al., 2005; Yang et al., 2009) , in electrical nerve stimulation (Keefer et al., 2008) , and as substrates for nerve cell growth and differentiation (Chao et al., 2009; Chao et al., 2010; Sorkin et al., 2006) . Moreover, CNTs have been used to deliver drugs and genetic material into nerve cells in the brain for the treatment of glioma and neurodegenerative diseases because of their ability to pass through cell membranes Yang et al., 2010b) . Because they have such widespread applications, it is necessary to explore the potential risks that CNTs might pose to human health. A number of studies performed with CNTs have evaluated their toxicity to different organs, such as the lungs, kidneys, and liver (Awasthi et al., 2013; Deng et al., 2009; Li et al., 2007) . Several in vitro studies have confirmed that CNTs could generate neurotoxic effects, including decreasing cell activity (Belyanskaya et al., 2009; Zhang et al., 2010) . In addition, our previous studies have showed that MWCNTs induce cytotoxicity in C6 cells (Han et al., 2012) and inhibit CA1 glutamatergic synaptic transmission in rat hippocampal slices in vitro (Chen et al., 2014) . However, there is no accurate conclusion about the impaction of CNTs on the nervous system in vivo.
Autophagy, which is a highly conserved lysosomal degradation pathway, plays an important role in maintaining cytoplasmichomeostasis (Das et al., 2012; Mizushima 5 and Komatsu, 2011) . It is a dynamic physiological process that is necessary for cellular health and survival (Kroemer et al., 2010) . Damaged and aging cells or organelles are degraded by autophagy. The double membraned autophagosomes, which can deliver cytosolic components to the lysosome for degradation and recycling, are formed following the activation of the autophagic pathway (Mizushima, 2007) . The inactive cytoplasmic LC3 (LC3 I), which is a soluble protein distributed ubiquitously in mammalian tissues and cultured cells, can be converted into the active membranous LC3 II, which triggers the formation of the autophagic vesicle . Thus the ratio of LC3 II/LC3 I is widely used to estimate the level of autophagy. Furthermore, another autophagy-related (Atg) gene Beclin 1 is necessary for the localization of autophagic proteins to a pre-autophagosomal structure. Overexpression of Beclin-1 can improve the level of autophagy activity by interacting with the class III type phosphoinositide 3-kinase (PI3KC3)/Vps34 (Kang et al., 2011) . It is well known that autophagy protects cells against accidental death (Kaushik et al., 2011) . Indeed, many studies have shown that physiological autophagy is responsible for the survival of neurons (Poels et al., 2012) . Cell death that displays the typical features of autophagy such as a massive cytoplasmic vacuolization is defined as "autophagic cell death" . Recently, some nanoparticles have been regarded as autophagy activators, such as gold nanoparticles (Ma et al., 2011) and TiO2 nanoparticles (Kenzaoui et al., 2012) . Also, reports have indicated that disordered autophagy could disrupt the flow of pre-synaptic terminals and cause axonal dystrophy (Sanchez-Varo et al., 2012) . However few reports have illuminated 6 the relationship between synaptic plasticity and the autophagy of neurons caused by MWCNTs.
In this study, behavioral changes, electrophysiological tests and biochemical indexes were used to determine changes of synaptic plasticity after exposure to MWCNTs. We investigated whether MWCNTs could contribute to autophagy enhancement and synaptic plasticity impairment in the CA1 area in vivo, and we explored the relationship between autophagic flux and the synaptic plasticity damage caused by MWCNTs. We proved that CQ could prevent MWCNTs-induced synaptic impairment by down-regulating autophagy. These results may reveal a key mechanism of autophagy in the nervous system under MWCNTs treatment, and give experimental basis for the safety of biomedical applications of MWCNTs. Our observation may provide a new potential therapeutic method to relieve synaptic impairment induced by MWCNTs.
Materials and methods

Materials and reagents
The MWCNTs used in this study were obtained from the Institute of Metal Research, China Academy. The average length of MWCNTs was approximately 2μm and the diameter was approximately 10-20nm. The MWCNTs were suspended in 0.9% NaCl with 0.1% Tween 80, and the suspensions were sonicated for 20 minutes before each use. The characteristics of the nanoparticles used in this study can be found in our previous study (Han et al., 2012). 7 Anti-NMDAR2B antibody and anti-Synaptophysin antibody were purchased from Abcam (Cambridge, UK). Anti-LC3 antibody was obtained from MBL (Nagoya, Japan). Anti-Beclin-1 antibody was purchased from Cell Signaling Technology (MA, USA). Anti-β-actin antibody was purchased from Santa Cruz Biotechnology, Inc. CA (California, USA).
Animals and treatment
Specific-pathogen free (SPF) adult male Wistar rats, weighing 200-220 g, were purchased from the Experimental Animal Center of the Chinese Academy of Medical Science, and reared in the Animal House of Medical School in Nankai University.
Conditions were kept at 22±2
• C, and rats were housed in pairs in clear plastic cages on a 12:12 h light/dark cycle with ad libitum access to food and water. All experiments were performed according to protocols approved by the Committee for Animal Care at Nankai University and in accordance with the practices outlined in the NIH Guide for the Care and Use of Laboratory Animals. Rats were acclimated for one week before exposure.
Animals were randomly divided into three groups, a control group (n = 8), a
MWCNTs-treated group (n = 8) and a MWCNTs+CQ group (n = 8). In the MWCNT group, rats were treated with MWCNTs at a dose of 2.5mg/kg (Muller et al., 2005) 
Physical observation
Each rat was weighed and recorded every two days at the same time over the 14 days.
Morris water maze test
After 14 days of treatment, all rats of every group were trained and tested with the Morris water maze (MWM, RB-100A type, Beijing, China) to monitor their spatial learning and memory behaviors. This system involves a circular tub (height 60cm, diameter 150cm) and a device, which is connected to a personal computer to capture the rat's swimming pathway. The maze was filled with water maintained at 25±1 • C and dyed by nontoxic black ink. The water was divided into four equal quadrants (I-IV), and a 10-cm-diameter platform, whose surface was 1.5-2 cm below the water surface, was positioned in the middle of quadrant III.
The test consisted of two consecutive stages, initial training and re-acquisition training. Each stage included two phases called the place navigation phase and the spatial probe phase. During the navigation phase, rats were subjected to two sessions (each session consisted of four trials) of training per day for five consecutive days. In each trial, the animals were gently put into the water from a random point of the quadrant. The rats were given 60s to learn to find the hidden platform. During this stage, the time it took for rats to find the platform (escape latency) and the swimming 9 speed were recorded. If a rat failed to locate the platform within 60s, it was guided by the experimenter to stay on the platform for 10s, and its escape latency was recorded as 60s. The interval between each of the trials was approximately 10 minutes. The order of starting points was the same for all animals. The rats were given the spatial probe trial test 24h after the last trial of the navigation phase. The platform was removed during the spatial probe phase. Rats were released individually into water from the starting point of quadrant I and allowed to swim freely for 60s. Only one trial was carried out in this phase. Quadrant dwell time (the percentage of time spent in the target quadrant) and platform crossings (numbers of times the rat passed the platform area) were measured. After that, re-acquisition training was performed immediately to examine the learning flexibility. The methods used and parameters recorded were the same as those in place navigation phase and spatial probe phase except the platform was moved to the contra lateral quadrant.
In vivo electrophysiological testing
The LTP and depotentiation were measured after rats had undergone the MWM test.
The protocols used were similar to those described in our previous study Han et al., 2014) . Rats were positioned on a stereotaxic frame (SR-6 N; Narishige, Japan) for surgery and observed after being anesthetized with 30% urethane (0.4 ml/kg, i.p.). Surgery was performed on the left side of brain. A proper incision was cut in the scalp and a small hole was drilled in the skull for both recording and stimulating electrodes. In stereotaxic coordinates, a bipolar stimulating 10 electrode was implanted in hippocampal Schaffer collaterals (4.2 mm posterior to bregma, 3.5 mm left to midline, 2.3-2.6 mm ventral below the dura), and the recording electrode was positioned in the stratum radiatum area of hippocampal CA1 
Western blot analysis
The hippocampus was removed and promptly stored at -80°C until needed. Firstly, every hippocampus was grinded and lysed in 200 μl lysis buffer (Beyotime Biotechnology, Haimen, China), which contained Phenylmethanesulfonyl fluoride (PMSF,1:100 dilutions). Next, the lysates were centrifuged at 12000rpm for 20-30 minutes at 4
• C. The supernatant was mixed with loading buffer (4:1 ratio) and boiled 11 in boiling water for 20 minutes. Whole proteins were electrophoresed in a 10-13% SDS-PAGE gel and then transferred to polyvinylidene fluoride (PVDF) membranes (0.45μm). After that, the PVDF membranes were incubated with 5% skim milk, then incubated with primary antibody overnight at 4
• C. The PVDF membranes were incubated with secondary antibody after washing thrice with TBST. Protein band intensities were detected with a chemiluminescence detection kit (Pierce) and exposed to X-ray film (Eastman Kodak, Rochester, NY). Equal protein loading was ensured by using β-actin expression using a mouse monoclonal antibody (1:1000 Santa Cruz).
Hematoxylin/eosin staining
When brains were isolated from the sacrificed rats, they were perfused with 0.1 mol/l phosphate buffer (pH 7.4) immediately. Next the brains were removed and immersed in 4% paraformaldehyde and fixed at 4
• C for at least 24h. After that, they were dehydrated through a graded sucrose solution and embedded in OCT compound (Tissue-Tek, Miles) for tissue sectioning. The coronary slices (10 mm) stained with hematoxylin/eosin (HE) were photographed on a Leica microscope (Wetzlar, Germany).
Data and statistical analysis
All data were presented as mean ± S.E.M. Data. Differences in performance of spatial probe phase, electrophysiological recordings and Western blot assays were evaluated using a one-way ANOVA. A two-way repeated measure ANOVA was employed to analyze the differences in place navigation phase and the body weight over time in each rat. All analyses were performed using SPSS (17.0) software and differences 12 were considered significant when P<0.05.
Results
Body weight
As shown in Fig. 1 , the body weight in all groups increased during the 14 days. The mean rat weight in the MWCNTs group was almost as heavy as that of the Contol group (Fig. 1, P>0 .05). There were no differences in body weights between
MWCNTs-treated group and MWCNTs+CQ group (Fig. 1, P>0 .05).
Initial training of MWM experiment
The cognitive ability of all groups is shown in Fig. 2 . The escape latencies of all rats decreased gradually throughout 5 days of training ( Fig. 2A) . Two-way repeated measures ANOVA showed that the mean escape latency statistically increased in the MWCNTs group from day 2 to day 5 compared to that of the Control group ( Fig. 2A , day 2 to day 5, P<0.05). There was a significant decrease in mean escape latency in the MWCNTs +CQ group compared to that of the MWCNTs group ( Fig. 2A, P<0 .05).
There were no significant differences in swimming speeds between the three groups (Fig. 2B, P>0 .05). The spatial probe test was carried out on the sixth day. Results
showed that both mean number of platform crossings (Fig. 2C, P<0 .001) and mean quadrant dwell time (Fig. 2D, P<0 .001) were significantly decreased in the MWCNTs group compared to the Control group. In the group treated with CQ, the mean number of platform crossings ( Fig. 2C , P <0.05) and the mean quadrant dwell time (Fig. 2D,   P<0 .05) were significantly elevated.
Re-acquisition training of MWM test
During the re-acquisition training stage, the escape latencies were reduced in all 13 groups. For the MWCNTs treatment group, the mean escape latency was significantly longer compared to those in the Control group (Fig. 3A, P<0 .001 for day 2 and day 3).
Furthermore, the mean escape latency was reduced in the MWCNTs+CQ group compared to those in the MWCNTs group (Fig. 3A, P<0.05 ). In addition, there were no differences in swimming speeds between the three groups (Fig. 3B, P>0 .05). The mean number of platform crossings (Fig. 3C, P<0 .01) and the mean quadrant dwell time (Fig. 3D, P<0 .01) were significantly decreased in the MWCNTs group compared to the Control group. The above parameters were increased (Fig. 3D, P<0 .05) in the MWCNTs+CQ group compared to the MWCNTs group.
LTP and depotentiations from Schaffer collaterals to CA1
As shown in Fig. 4A , the fEPSPs baseline before TBS was quite stable during 30 minutes of low-frequency test stimulations. After TBS stimulation, the fEPSPs slopes were considerably increased in the following 1 hour. Moreover, it was found that fEPSPs slopes were significantly lower in the MWCNTs group compared to those in the Control group (Fig. 4B, P<0 .001). The fEPSPs slopes in the MWCNTs+CQ group were dramatically increased compared to those in the MWCNTs group (Fig. 4B,   P<0 .001).
To examine whether MWCNTs affected depotentiation, a LFS induction protocol was used for eliciting significant depotentiation (Fig. 4C) . LTP-evoked responses of the last 30 minutes were normalized and used as the baseline of depotentiation (1 per minute, Fig. 4C ). As shown in Fig. 4D , there was a significant difference in fEPSP slopes between the MWCNTs group and the Control group (P<0.001), while fEPSPs slopes were reduced in the MWCNTs+CQ group compared to those of the MWCNTs group (P< 0.001).
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Western blot analysis
Two types of proteins that are related to synaptic plasticity, called NR2B (180 kDa) and SYP (38 kDa), were detected using Western blot assay. It was shown that NR2B
and SYP expressions were decreased in hippocampus of rats in the MWCNTs group compared to those in the Control group (Fig. 5A) , and there was a statistically significant difference in NR2B expression between the two groups (Fig. 5B, P<0 .001).
Decreased expression of SYP was also observed (Fig. 5C, P<0 .001). NR2B (Fig. 5B,   P<0 .01) and SYP (Fig. 5C , P<0.01) expression levels were increased dramatically in the MWCNTs+CQ group compared to those of MWCNTs group.
The LC3 II to LC3 I ratio and Beclin-1 levels were measured to assess the level of autophagy. LC3 I is cleaved to LC3 II during the process of autophagy, so the LC3 II/LC3 I ratio is increased when the level of autophagy is elevated (Klionsky et al., 2007) . As shown in Fig. 5E , the ratio of LC3 II/LC3 I was significantly increased in the MWCNTs-treated group compared to the Control group (P<0.001), and a similar result in the Beclin-1 level was observed from this study (Fig. 5F, P<0 .001).
Statistically significant differences in the LC3 II/LC3 I ratios (Fig. 5E, P<0 .001) and
Beclin-1 levels (Fig. 5F , P<0.05) in the MWCNTs+CQ group compared to the MWCNTs group were found.
Histopathological observation
From the aforementioned results, it is evident that MWCNTs produced degenerative changes in rats. Furthermore, histological analysis was used to observe the neuropathological alterations of CA1 neurons in each group. As seen in Fig.6A , pyramidal cells exhibited regular and compact arrangement in the hippocampal CA1 15 region in the Control group; the neurons were full and the nuclei were light-stained. In contrast, there appeared to be morphological changes in the arrangement of pyramidal cells in the MWCNTs group. The cells became loose and disordered, and showed shortening and deformations in cell shape (Fig. 6B) . The injuries were improved in the MWCNTs+ CQ group compared to the MWCNTs group (Fig. 6C ).
Discussion
Carbon nanotubes are one of the most applicable nanomaterials due to their unique chemical and physical characteristics (Nakashima and Fujigaya, 2007; Wang et al., 2007) . They have been used as a brain-targeting vector to delivery drugs and therapy (Yang et al., 2010a) . Researchers reported that the viability of cells in the CNS could be reduced after treatment with MWCNTs (Han et al., 2012) . One of our previous studies found that the glutamatergic synaptic transmission of CA1 was inhibited in rat hippocampal slices by MWCNTs in vitro (Chen et al., 2014 ).
In our previous study, it was shown that MWCNTs could inhibit the viability of C6 rat glioma cells at a concentration ranging from 50-400 μg/ml (Han et al., 2012) . It was reported that 0.5-5 mg/animal of nonfunctionalized MWCNTs led to inflammation and fibrosis of lung tissue (Muller et al., 2005) . Hence, a lower dose of 2.5 mg/kg, which is more clinically relevant, was used in the present study.
The MWM tests evaluated whether MWCNTs induced spatial cognitive impairments.
Results indicated that exposure to MWCNTs could negatively affect the cognitive abilities of rats. In the place navigation phase, the rats of MWCNTs group required a longer time to find the platform. In addition, the constant swimming speed throughout testing of Control and MWCNTs-treated groups suggested that impaired motor 16 function was not the cause of the prolonged latencies. In other words, the learning ability of the rats in this group was impaired by the MWCNTs treatment. Moreover, the quadrant dwell time and platform crossings were reduced, which indicated that the memory of rats treated by MWCNTs was affected. Re-acquisition training was used to test the re-acquisition of a new response (Walsh et al., 2011) . The reversal learning is another form of cognitive flexibility. During the re-acquisition training, previously positive cues become negative and previously negative cues becomes positive (Lapiz-Bluhm et al., 2009 ). Our study found that MWCNTs-treated rats became worse at adapting to the change of the platform position, indicating that their capacity for cognitive flexibility was impaired compared to rats in the Control group ( Fig. 3 and Fig. 4 ). Studies suggest that nano-materials impair performance of spatial learning and memory in the MWM test Han et al., 2011) . In addition, it was demonstrated that the water maze performance of mice could be attenuated after exposure to single-walled carbon nanotubes (SWCNTs) (Liu et al., 2014) , and our results are in accordance with the above view.
The underlying mechanism of cognitive impairment was investigated in the following experiments.
Hippocampal LTP, which was recognized as an essential functional indicator of synaptic plasticity, held the key to understanding how memories were shaped (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999) . It was found that fEPSP slopes were significantly reduced in the MWCNTs-treated group, suggesting that LTP was impaired. This result was consistent with the data from the MWM test. Depotentiation of synaptic plasticity in the hippocampus is also regarded as a crucial mechanism for enabling the storage of new information (Morris, 2006; Qi et al., 2013) . In fact, those changes were required to keep the balance between input and output of information 17 for memory storage (Nicholls et al., 2008) . Our data suggested that depotentiation was abnormally enhanced in the MWCNTs-treated rats. In general, the results suggested that MWCNTs induced a decrease synaptic plasticity, which could explain the lessened performance in the MWM tests. Recently, more evidence has shown that synaptic plasticity could be impeded by nanostructures (Gao et al., 2011) . It is well known that synaptic plasticity in the hippocampus is associated with certain advanced functions of central nervous system, such as learning and memory. Therefore, exposure to MWCNTs may have induced impairment of hippocampal synaptic plasticity, which could contribute to the results observed in the MWM test.
N-methyl-D-aspartate (NMDA) receptors are major excitatory amino acid receptors in the central nervous system and play a pivotal role in the induction of LTP (Albensi et al., 2000) . The 2B subunit (NR2B), one crucial subunit of NMDA receptors, regulates NMDA receptor activity and plays a vital role in LTP induction and learning and memory function (Clayton et al., 2002) . In addition, a study reported that the NMDA receptor, including the NR2B subunit was necessary for LFS to induce depotentiation (Qi et al., 2013) . Similarly, SYP is an important membrane protein of synaptic vesicles, which are closely connected with synaptic plasticity and cognitive process (Calhoun et al., 1996; Schmitt et al., 2009) . We examined the expressions levels of the NR2B receptor and SYP in the hippocampus. It was found that the expression level of the NR2B subunit of the NMDA receptor was significantly reduced in MWCNTs-treated rats, and a similar trend for SYP expression was found (Fig. 6 ),
suggesting that levels of NR2B and SYP proteins were reduced after treatment with
MWCNTs. These results may uncover the underlying mechanisms for the impairments of LTP and depotentiation, as well as the cognitive deficits observed in MWM experiment.
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During fourteen consecutive treatment days, there were no differences in body weight between MWCNTs-treated rats and control rats. The most likely reason for this is that this concentration of MWCNTs has no significant effect on body weight.
The hippocampus can be divided into several regions (CA1-CA4) based on the morphology of pyramidal neurons (Eichenbaum, 2004) . There is a high degree of correlation between the function of CA1 pyramidal cells and conditioned reflex, and amnesia may occur if pyramidal neurons in the CA1region are lost (Zola-Morgan et al., 1986) . According to histological analyses, the nuclear shrinkage and necrotic neurons of hippocampal sections suggested that pyramidal neurons in the CA1 region were damaged after being exposed to MWCNTs, which could be confirmed by the findings obtained from our previous studies .
Many neurological disorders are related to the accumulation of autophagy in axons (Katsumata et al., 2010) . It was reported that autophagy protected the brain against the development of certain types of neurodegenerative diseases (Cai and Yan, 2013; Hara et al., 2006) . Therefore, induced autophagy was explored as a new area for the treatment of such diseases (García-Arencibia et al., 2010) . However, the enhancement of autophagy induced by rapamycin could exacerbate the neurotoxicity of Aβ peptides (Lafay-Chebassier et al., 2006 ). Moreover, the increased level of autophagy induced hippocampus-dependent synaptic impairment . This showed that long-lasting synaptic plasticity and memory are closely associated with mTOR-mediated protein synthesis (Costa-Mattioli et al., 2009) . Autophagy led to NMDAR-dependent synaptic plasticity and brain functions through the PI3K-Akt-mTOR pathway (Shehata et al., 2012) . Researchers reported that 19 nanoparticles can induce autophagy in different cells in vitro (Luo et al., 2013; Seleverstov et al., 2006; Stern et al., 2008) and in vivo (Duan et al., 2014) . Our study also showed that MWCNTs contributed to autophagy. We focused on the function of autophagy in MWCNTs-induced synaptic impairment in the hippocampal CA1 area.
The autophagy related proteins LC3 and Beclin-1 were measured to evaluate the levels of autophagy. It is well known that LC3 I is conjugated with phosphatidylethanolamine to form LC3 II during the process of autophagy (Klionsky et al., 2012) , and autophagosomes are formed in this process. LC3 II, an active membranous protein, is localized to both the inside and the outside of autophagosomes (Mizushima et al., 2001 ). There is a positive correlation between the ratio of LC3 II to LC3 I and the number of autophagosomes. Therefore, detecting LC3 conversion (LC3 I to LC3 II) to measure the level of autophagy is a crucial approach (Mizushima and Yoshimori, 2007) . The results of the Western blot assay showed that the LC3 II to LC3 I ratio was increased. Beclin-1 is also an important protein during the autophagy process. The autophagy level can be up-regulated by the over-expression of Beclin-1 (Kang et al., 2011) . In this study, the level of Beclin-1 expression was increased in MWCNTs-treated rats. These results combined with the increased ratio of LC3 II/LC3 I suggest that autophagic activity was elevated following exposure to MWCNTs.
We used CQ, an autophagy inhibitor to further elucidate the role of autophagy in
MWCNTs-induced synaptic dysfunction. CQ can inactivate autophagosomelysosome fusion, thus causing accumulation of autophagosomes in cell (Kimura et al., 2013) .
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The concentration of CQ used in present study was 20mg/kg, a concentration also used by several other researchers (Maeda et al., 2013; Shintani-Ishida et al., 2014) .
In our study, we found that MWCNT could cause behavioral changes in rats treated for fourteen days. Their learning and memory abilities were impaired ( Fig. 2 and Fig.   3 ) and their synaptic plasticity was decreased (Fig. 4) . Hippocampal LTP and depotentiation were considered as the electrophysiological mechanism of learning and memory. Thus, the disruption in these two indices could explain the changes observed in the rats' behavior. We also measured some biochemical indices including HE staining ( Fig. 6 ) and Western bolt assays (Fig. 5 ). These biochemical indices could be used as another reason for the observed impairment in learning and memory ability.
In the present study, the consequences of exposure to MWCNTs were identified in vivo. Our results showed that MWCNTs could enhance the level of autophagy significantly ( Fig. 5E and 5F ). We also found that MWCNTs could inhibit the expression of proteins involved in synaptic plasticity ( Fig. 5B and 5C ) and induced neuropathological damage in the hippocampal CA1 region (Fig. 6 ). The spatial memory deficits including spatial learning and re-acquisition in reversal learning were significantly decreased after treatment with MWCNTs (Fig. 2, Fig. 3 and Fig. 4 ).
More importantly, the relative indices of synaptic plasticity and cognitive deficits were considerably recovered by suppressing autophagy level with CQ. These results suggested that autophagy induced by MWCNTs might be involved in the degradation of synaptic proteins such as NR2B and SYP. This autophagy was speculated to be excessive and the decrease of autophagy level was a benefit to synaptic plasticity and 21 learning and memory ability. The data clearly indicate that the increased autophagic flux plays a part in the process of MWCNTs-induced synaptic dysfunction.
Conclusion
In summary, our results suggest that the cognitive deficits are caused by MWCNTs via enhancing the autophagic pathway. The data suggest that the regulating autophagic process may become a new targeted therapy to relieve the damage induced by MWCNTs. To ensure the biosafety of this nanomaterial, further studies are needed to determine how autophagy regulates the dysfunction of synaptic activity. 
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